Background--An adverse fetal environment leads to fetal hemodynamic adaptations with cardiac flow alterations that may subsequently affect cardiac development. We examined the associations of third trimester placental and fetal cardiac hemodynamics with cardiac outcomes in school-age children.
C ardiovascular disease is at least partially established in the earliest phase of life. 1 Changes in fetal hemodynamics may be a mechanism linking an adverse fetal environment with cardiovascular adaptations and subsequent risk of cardiovascular disease in later life. 2 An adverse fetal environment leads to fetal blood flow redistribution in favor of the upper parts of the body at expense of the trunk, a phenomenon known as "brain sparing". 3 This fetal blood flow redistribution also leads to intra-cardiac flow changes with cardiac output switched in favor of the left ventricle, which provides blood for the brain circulation. 4 A rise in the placental vascular resistance and peripheral arterial vasoconstriction in the trunk causes increased right ventricular afterload, and a drop in right cardiac output. 5 The rise in ventricular afterload leads to reduced peak systolic velocities in the aorta and pulmonary artery. 6 These changes in intracardiac blood flow patterns may affect right and left ventricular structure and function in later life through alterations in shear stress and wall tension, and through the effects on cardiomyocyte maturation and apoptosis. 6 Previously, we reported that lower third-trimester fetal growth was associated with specific fetal hemodynamic changes, such as reduction of cardiac output, stroke volume, and pulmonary artery and cardiac compliance. 7 The long-term consequences of these fetal flow adaptations are not known. A previous study among 200 children reported that fetal growth restriction is associated with cardiac shape and stroke volume alterations in children aged 5 years. 2 In line with these findings, we previously observed that fetal cardiac hemodynamics, mainly uterine artery resistance (UA PI) and left cardiac output in the third trimester, were associated with cardiac dimensions in the first 6 years. 8, 9 Therefore, we examined in a population-based prospective cohort study among 547 children the associations of placenta and fetal cardiac blood flow patterns with childhood right and left cardiac outcomes, assessed by cardiac magnetic resonance imaging (MRI).
Methods
Data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design
This study was embedded in the Generation R Study, a population-based prospective cohort study from fetal life onwards in Rotterdam, The Netherlands. 10 Details of this study have been described previously. 10 Detailed assessments of fetal growth and blood flow patterns were conducted in a subgroup of 1216 Dutch mothers and their children. 10 Third-trimester fetal hemodynamics were available in 1179 singleton live-born children, of whom 547 visited the Generation R MRI research center at the age of 10 years and did not have cardiac abnormalities ( Figure S1 ). Written consent was received from parents. The study has been approved by the local Medical Ethics Committee.
Third Trimester Fetal Growth and Hemodynamics Characteristics
In the third trimester, we measured head circumference, abdominal circumference, and femur length and estimated fetal weight using the formula by Hadlock et al. 11 Fetal hemodynamics were assessed by pulsed-wave Doppler at a median gestational age of 30.2 weeks (95% range 28.8-32.3 weeks), as described previously. 7, 9 For each measurement, 3 consecutive uniform waveforms were recorded and the mean was used for analyses. Feto-placental vascular resistance was evaluated with recorded flow-velocity waveforms from the umbilical artery. An increase in umbilical artery pulsatility index (UA PI) indicates increased umbilical artery resistance. 7 UA PI was determined in a free-floating loop of the umbilical cord. Color Doppler visualization was used to obtain flow-velocity waveforms of the proximal part of the cerebral arteries. An increased ratio between the UA PI and the middle cerebral artery (MCA) PI is an indicator of brain sparing. This umbilical artery-cerebral artery ratio (U/C ratio) is calculated as UA PI/ MCA PI. 6, 9 Cardiac flow-velocity waveforms at the level of the mitral and tricuspid valves were recorded from the apical 4-chamber view of the fetal heart. Peak velocities of the E wave and the A wave were recorded. The E/A ratio is an index for ventricular diastolic function and expresses both cardiac compliance and preload conditions. 7 A higher E/A ration reflects less stiff and more compliant ventricles. Cardiac outflow flow-velocity waveforms from the aorta and pulmonary artery were recorded from the 5-chamber view and the short-axis view of the fetal heart just above the semi-lunar valves. Peak systolic velocities in the aorta and pulmonary artery, timevelocity integral, fetal heart rate, and the inner diameters during systole were recorded. Left and right cardiac output were calculated in milliliters per minute by multiplying the vessel area of the aorta or pulmonary artery by the timevelocity integral by fetal heart rate.
Clinical Perspective
What Is New?
• In a large prospective population-based cohort study involving 547 children, we showed the associations of placenta and fetal cardiac blood flow patterns with childhood right and left cardiac structure and function assessed by magnetic resonance imaging. • Higher umbilical artery resistance in fetal life was associated with higher childhood right ventricular function. • Higher fetal left cardiac output was associated with lower childhood left ventricular function and altered cardiac structure.
What Are the Clinical Implications?
• Cardiac fetal blood flow redistribution may have long-term effects on cardiac structure and function. • Additional research is necessary to replicate our results and examine the associations of fetal hemodynamics with later cardiac structure and function and with cardiovascular disease risk in adulthood.
Cardiac Magnetic Resonance Imaging
MRI scanning was performed on a wide-bore GE Discovery MR 750 3T scanner (General Electric, Milwaukee, MI). The scanning environment was introduced to the children in a 30-minute simulated scanning session. Total brain and body scanning session lasted %1 hour, of which 12 minutes was reserved for the cardiac imaging. Briefly, we acquired localizer images, followed by ECG gated breath-held scans lasting <10 seconds per breath-hold (Data S1). A short-axis SSFP cine stack was then obtained with basal slice alignment and covering the ventricles and part of the atria with contiguous 8-mm thick slices over several end expiration breath-holds. The scans were stored on a digital archive for post-processing. Off-line image analyses for right and left ventricular measures on the shortaxis cine stack was performed by Precision Image Analysis (Kirkland, WA) under supervision of an experienced radiologist, using Medis QMASS software (Medis, Leiden, The Netherlands). The guidelines of the Society for Cardiovascular Magnetic Resonance (SCMR) were followed to semi-automatically contour right and left ventricular short-axis endocardial and left ventricular epicardial borders. 12 Papillary muscle was included in the ventricular cavity. Cardiac measurements included right ventricular end-diastolic volume (RVEDV), right ventricular ejection fraction (RVEF), left ventricular end diastolic volume (LVEDV), left ventricular ejection fraction (LVEF), and left ventricular mass (LVM). We calculated left ventricular mass-to-volume ratio (LMVR) as LVM/LVEDV.
Covariates
We obtained information about gestational age at birth, birth weight, and sex from midwife and hospital records. Information about maternal age, pre-pregnancy body mass index, folic acid use, and smoking during pregnancy, maternal education, and infant breastfeeding was collected by questionnaires and medical charts. At the age of 10 years, child height and weight were measured without shoes and heavy clothing, and body mass index (BMI) and body surface area (BSA) were calculated. BSA was computed using the Haycock formula (BSA (m 2 )=0.0242659weight (kg) 0.5378 9height (cm) 0.3964 . 13 Systolic and diastolic blood pressures were measured on the right brachial artery, using the validated automatic sphygmomanometer Accutorr Plus (Datascope Corporation, Fairfield, New Jersey). These measurements preceded the cardiac MRI by a median of 1.1 months (95% range 0-24.8 months).
Statistical Analyses
First, we assessed the differences in subject characteristics between boys and girls using ANOVA for continuous variables, Kruskal-Wallis tests for non-parametric variables, and chi-square tests for categorical variables. Similarly, we compared subject characteristics for children with and without successful cardiac MRI in a non-response analysis. Second, we explored the Pearson correlation coefficients between fetal hemodynamics in third trimester and all childhood cardiac outcomes. Main hemodynamic exposure measures included fetal blood flow redistribution measures (UA PI, U/C ratio), right cardiac measures (right cardiac output, pulmonary artery peak systolic velocity (PSV), tricuspid valve E/A ratio) and left cardiac measures (left cardiac output, aorta ascendens PSV and mitral valve E/A ratio). Childhood cardiac outcomes include RVEDV, RVEF, LVEDV, LVEF, LVM, and LMVR. Third, we used linear regression models to analyze the associations of third trimester fetal hemodynamics and cardiac outcomes at the age of 10 years. Models were adjusted for child sex, gestational age at third trimester measurement, current age and time difference between measurement of BSA and cardiac MRI. Covariates (estimated third trimester fetal weight, maternal age, folic acid intake and smoking status during pregnancy, maternal education level, breast feeding, and childhood blood pressure) were selected on the basis of their associations with the outcomes of interest based on previous study results, but they were not included in the models, because they did not cause a change in effect estimate >10%. We did not observe sex-specific interaction with fetal hemodynamics in relationship to the cardiac outcomes of interest. Therefore, we did not stratify our analysis on sex. We constructed BSA-adjusted standard deviation scores (SDS) for the cardiac outcomes using Generalized Additive Models for Location, Size and Shape using R, version 3.2.0 (R Core Team, Vienna, Austria). [14] [15] [16] These models enable flexible modeling, taking into account the distribution of the response variable. 17 The SDS of the cardiac outcomes are based on the full cohort of all children who had successful cardiac MRI (N=3018), not only on the sub-selection in the current study. Since LMVR is not usually standardized on BSA, we created standard deviation scores as (observed valuemean)/SD. We also created these SDS for all determinants, to enable comparison of effect estimates. To reduce potential bias attributable to missing data, we performed multiple imputations (n=5) of missing covariates. We did not adjust for multiple testing, since the different determinants or outcomes are strongly correlated and adjusting for multiple testing might be too strict. For our analyses we used the Statistical Package of Social Sciences version 21.0 (SPSS Inc, Chicago, IL).
Results

Subject Characteristics
Subject characteristics are presented in Table 1 . At the age of 10 years RVEDV, LVEDV, and LVM were higher in boys than in girls, whereas RVEF and LVEF were slightly higher in girls ( Table 2 ). These measures were also different between boys and girls when standardized on BSA (Table S1 ). The correlations of placental and fetal cardiac hemodynamics with childhood cardiac outcomes (standardized on BSA) are shown in Table S2 . The correlation between UA PI and RVEF is visualized in Figure S2 . A non-response analysis is shown in Table S3 . Children with successful cardiac MRIs had mothers who were older, had higher intake of periconceptional folic acid, smoked less frequently during pregnancy, and were more often higher educated. There were no differences in fetal hemodynamics and childhood anthropometric measures between children with and without follow-up studies. Table 3 shows that a 1-SDS increase in third trimester UA PI was associated with higher childhood RVEF (0.11 SDS [95% Values represent means (SD), medians (95% range) or numbers of subjects (valid %) and are based on imputed data. Differences in subject characteristics between groups were evaluated using one-way ANOVA tests or Kruskal-Wallis tests for continuous variables and chi-square tests for proportions. BMI indicates body mass index; PI, pulsatility index; PSV, peak systolic velocity.
Fetal Hemodynamics and Left and Right Cardiac Outcomes
CI 0.02-0.20]). UA PI was not associated with any of the other cardiac outcomes. The U/C ratio was not associated with childhood cardiac outcomes. Table 4 shows that right cardiac output and pulmonary artery PSV were not associated with childhood right ventricular outcomes. However, a 1-SDS higher fetal tricuspid valve E/A ratio, reflecting a less stiff and more compliant ventricle, was associated with higher childhood RVEF (0.09 [95% CI 0.00-0.17]). Table 5 shows that a higher fetal left cardiac output was associated with lower childhood LVEF (À0.15 [95% CI À0.24-À0.05]) and higher LMVR (0.11 [95% CI 0.01-0.20]). Aorta ascendens PSV and mitral valve E/A wave were not associated with childhood left ventricular outcomes.
Discussion
In this prospective cohort study, we observed that a higher UA PI, reflecting increased arterial resistance, was associated with higher childhood RVEF. A lower fetal tricuspid valve E/A ratio, indicating a stiffer and less compliant ventricle, was associated with a lower childhood RVEF. Higher fetal left cardiac output was associated with lower childhood LVEF and higher childhood LMVR.
Interpretation of Main Findings
Changes in fetal hemodynamics in response to an adverse fetal environment may lead to cardiovascular adaptations and subsequent risk of cardiovascular disease in later life. 2 We previously reported that among 1215 fetuses decreased fetal growth was associated with a higher afterload and lower vascular compliance, even before the apparent stage of fetal growth restriction. 7 These adaptations might lead to cardiac changes in structure and function in later life. Also, in the same cohort it was reported that a higher UA PI was associated with lower aortic root diameter at 2 years and with lower LVM at 6 years. 8, 9 Increased fetal left cardiac output was associated with larger LVM and atrial diameter at 2 years and with larger aortic root diameter at 6 years. 8, 9 Another Left ventricular mass, g 50.6 (9.9) 46.5 (10.0) <0.01
Left ventricular mass-to-volume ratio, g/mL 0.49 (0.08) 0.48 (0.08) 0.60
Values represent means (SD). Differences in subject characteristics between groups were evaluated using one-way ANOVA tests. Cardiac outcomes standardized on body surface area are shown in Table S1 . Values are regression coefficients (95% CI) from linear regression models that reflect differences of childhood right and left ventricular outcomes in SDS per SDS change in fetal blood flow redistribution exposures. Cardiac measures at 10 years are standardized on body surface area (except left ventricular mass-to-volume ratio). Model is adjusted for gestational age at third trimester measurement, child sex, current age, and time difference between measurement of body surface area and magnetic resonance imaging. PI indicates pulsatility index; SDS standard deviation score. *P<0.05. study among 200 children aged 3 to 6 years, observed that small for gestational age children have a more globular heart, impaired relaxation, and increased blood pressure and intimamedia thickness. 18 Thus, previous studies suggest that fetal growth is associated with fetal blood flow alterations and that these changes might be associated with left cardiac structural and functional outcomes in childhood. Another study in preterm born young adults showed that changes in right ventricular structure and function were more pronounced in the right ventricle than in the left. 19 Thus far, no studies on the long-term effects of fetal hemodynamics have been performed in children aged >6 years. Also, no information is available on structural developmental adaptations of the right ventricle.
In the current study, we did not find associations of fetal UA PI with LVM at the age of 10 years. Possibly, the previously observed association of UA PI with LVM at 6 years is transient and disappears at older age. In the current study, we did observe an association of UA PI with childhood cardiac function. Previous research in children with fetal growth restriction showed reduced longitudinal motion and impaired relaxation, but no difference in ejection fraction. 20 We observed that a higher UA PI was associated with higher RVEF. These findings may suggest that a higher umbilical artery resistance, reflecting a higher fetal right ventricular afterload, is associated with higher childhood RVEF. A study in growth restricted fetuses observed an increased venous return in the superior vena cava, as a result of increased cerebral flow in brain sparing. 21 This might also affect right ventricular function. However, we did not observe associations of U/C ratio or right cardiac output with childhood RVEF. Further studies are needed to replicate these findings. We also hypothesized that since a higher U/C ratio, reflecting brain sparing, is associated with lower cardiac output in fetal life, it would also be associated with reduced childhood right and left ejection fraction. 3 However, in the current study we did not observe any associations of U/C ratio with childhood cardiac structure or function, independent of current BSA.
Reduced fetal growth across the full range is associated with lower fetal right and left cardiac output, aorta ascendens and pulmonary artery PSV and possibly with lower E/A ratio's. 3, 6, 7, 22 To the best of our knowledge, there are no other studies on the associations of fetal cardiac output with childhood cardiac outcomes. We observed that higher fetal left cardiac output was associated with lower childhood LVEF and higher LMVR, but not with LVEDV or LVM. We also observed that lower fetal tricuspid valve E/A ratio was associated with lower RVEF. A lower E/A ratio indicates a less compliant ventricle and therefore worse diastolic function. Interestingly, in our study the lower diastolic function in fetal life was associated with lower childhood ejection fraction, an indicator of systolic function. Unfortunately, we did not have Tricuspid valve E/A wave À0.02 (À0.09 to 0.06) 0.09 (0.00 to 0.17)*
Values are regression coefficients (95% CI) from linear regression models that reflect differences of childhood right ventricular outcomes in SDS per SDS change in cardiac blood flow exposures. Cardiac measures at 10 years are standardized on body surface area. Model is adjusted for gestational age at third trimester measurement, child sex, current age, and time difference between measurement of body surface area and magnetic resonance imaging. PSV indicates peak systolic velocity; SDS, standard deviation score. *P<0.05. Values are regression coefficients (95% CI) from linear regression models that reflect differences of childhood left ventricular outcomes in SDS per SDS change in fetal cardiac blood flow exposures. Cardiac measures at 10 years are standardized on body surface area (except left ventricular mass-to-volume ratio). Model is adjusted for gestational age at third trimester measurement, child sex, current age, and time difference between measurement of body surface area and magnetic resonance imaging. PI indicates pulsatility index; PSV peak systolic velocity; SDS standard deviation score. *P<0.01; † P<0.05.
childhood diastolic cardiac filling measures. We did not observe associations of mitral valve E/A ratio with left cardiac structure or function at the age of 10 years. Most of the associations we observed could fit the hypothesis that changes in fetal hemodynamics could be associated with cardiac structure and function in later life, putting the individual at risk for cardiovascular disease. The observed associations could reflect chance findings. We did not take into account multiple testing because our different exposures and outcomes are strongly correlated, and adjusting for multiple testing might be too strict. Also, we studied women with relatively healthy pregnancies. It might be possible that in more compromised pregnancies fetal hemodynamic adaptations influence later cardiac structure and function more strongly.
Methodological Considerations
The main strength of this study is the prospective design from early fetal life onwards, in a large cohort of children. To our knowledge, this is the first study examining the effects of fetal hemodynamics on cardiac outcomes, measured by cardiac MRI in childhood. MRI is a more precise and accurate tool than ultrasound and CT to study cardiac structure. 23, 24 For the current subgroup study, follow up was available in 46%. Missing cardiac MRI scans were mostly because of later start of these measurements during the follow up visits, poor quality cardiac MRI scans were often caused by logistical or participant constraints. This loss to follow-up could lead to bias if the associations of fetal hemodynamics with cardiac measures differ between those included and not included in the analyses. However, we deem this unlikely since nonresponse analysis showed no differences in fetal hemodynamics or childhood anthropometrics (Table S3 ). We have standardized our outcomes on BSA, to take into account current body size. The majority of the children visited the MRI within 2 months after anthropometrics were taken. A small proportion of children was invited to the MRI at a later age. For these children, the BSA we calculated might underestimate current body size, leading to increased z-scores for the cardiac outcomes. We adjusted all our analyses for the time difference between the BSA measurement and the MRI visit, but this measurement error could still lead to an attenuation of the effect estimates we observed. Despite the fact that we tested and adjusted for confounders, residual confounding might be of concern, as in any other observational study.
Conclusions
We observed associations of increased placental resistance and fetal hemodynamics with childhood cardiac structure and function. Our findings suggest that cardiac fetal blood flow redistribution may have long term effects on cardiac structure and function. These results should be considered as hypothesis generating and need further replication. 
